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ABSTRACT 
15 c/% 
Forty rrdneral phases occurring in  su l f ide  nodules from t h e  
Canyon Diablo, Cosby's Creek, Hex River, h g u r a ,  Toluca, and Trenton 
i ron  m t e o r i t e s  are  described. Of these phases, eighteen r e n i n  
unidentified and are under current study. The cha rac t e r i s t i c  occurrence 
of these phases i n  a nodule r i m  and core s t ruc tu re  is described. C o m n  
conpatible assenblages of these phases a r e  noted, mny of which appear 
t o  be high tenperature asserrblagea. 
Accessory phases, i n  general, have probably exsolved from t h e  
p r inc ipa l  nodular ndneral, t r o i l i t e .  A sindlar associat ion and t e x t u r a l  
sequence of phases OCCUTIS i n  a l l  t he  nodules studfcd and ind ica tes  sirrdlar 
conditions of formt ion .  
a possible  reaction between su l f ide  and s i l i c a t e  phases. The s i l i c a t e  
phases m y  have been nechanically included i n  t h e  nodules, o r  m y  have 
Several s i l i c a t e - t r o i l i t e  intergrowths suggest 
r t s u l t e d  from primry crys ta l l iza t ion .  
t h a t  indicate pre=tarres{ial netamrphiem. 
Deformation textures were observed 
Alteration Fe-Ni-S phases , 
including pent landi te  and "heazlewoodite" , appear t o  represent 
Ni-metasomatism by diffusion of N i  into the  nodule from adjoining p r i m r y  
n icke l i fe rous  phases during mtamrphiam. 
IKPRQDUCTION AND ACKNOWLEDGEKNTS 
Sul f ide  nodules i n  i ron  meteorites have been described by mny authors 
(e.g.: Cohen, 1884 and 1904; Perry, 1944). They have not been extensively 
Studied, but  apparently a r e  c o m n  t o  mst iron mteo r i t e s .  They occur i n  
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, 
t h e  hos t  k a m c i t e  as i r r egu la r  d r o p l i k e  form up t o  13  cm. i n  d i a m t e r ,  
which tend t o  be oval o r  e l l i p t i c a l  i n  cross-section and grade i n t o  
cy l ind r i ca l  fo rm.  Several r a r e r  i r regular  form (e .go, horseshoe, 
T-shaped, etc.)  my be observed in cross-section. 
cy l ind r i ca l  nodules tend t o  be oriented p a r a l l e l  t o  one another. 
nodules contain many mineral phases which are otherwise u n c o m n  t o  i ron  
m t e o r i t e s  . 
The e l l i p t i c a l  and 
Sulfide 
Randohr (1963) made the  f irst  application of standard mta l lographic  
techniques t o  the  study of m t e o r i t i c  opaque minerals i n  stony m t e o r i t e s ,  
and h i s  descr ipt ions include many minerals c o m n  t o  su l f ide  nodules i n  
i ron  m t e o r i t e s .  He described eleven unidentified ndnerals. b a t  of 
these w e r e  not  found i n  t h i s  study, probably because of geneic  differences 
between stony and i ron  m t e o r i t e s .  The present paper describes t h e  
mineralogy of som su l f ide  nodules occurring i n  s ix  i ron  m t e o r i t e s ,  
including t h e  coarse octahedrites Canyon Diablo, Cosby 's Creek, h g u r a ,  
Toluca, and Trenton, and the  a t a x i t e  Hex River, and it discusses sone 
genet ic  problem concerning them. 
The author's s incere  appreciation is extended t o  D r .  Clifford Frondel, 
Harvard University, f o r  t he  use of his m t e o r i t e  specimens and the  
guidance, suggestions, and encouragement t h a t  he provided. 
Dr. Cornelis Klein, Jr, , Harvard University, contributed grea t ly  by 
providing, i n  addition t o  rmny frui t ful .  ideas,  electron microprobe analyses 
f o r  most of t h e  mtneral phases observed. D r .  J a m s  B, Thonpson, Jr. , 
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J a m s  Fred Hays, and Elinor G .  Henderson also contributed s ignif icantly 
by the ir  suggestions stermdng from their c r i t i c a l  readings of the 
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# mnuscript. 
This study is a part of a program on meteorite research under 
NASA Grant No. NsG w. 
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The fo r ty  mineral phases observed a r e  l i s t e d  i n  Table I and include 
eighteen unidentified or  ten ta t ive ly  ident i f ied  phases, which a re  
designated minerals A - R. The ident i f ied  phases were determined by 
qua l i t a t ive  o r  semi-quantitative electron microprobe analysis and by 
t h e i r  mta l lographic  op t i ca l  properties. 
f o r  t h e  pos i t ive  ident i f ica t ion  of minerals A - R. 
Such techniques were insu f f i c i en t  
Several of these phases 
m y  be new minerals or  new variants  of known minerals and a r e  under 
continuing study. 
Table I1 lists by neteor i te  t h e  comnonly observed conpatible and 
inconpatible mineral a s seh lages .  
high tenperature asserrblages ( 7500°C). 
h n y  of these assenblages appear t o  be 
Sanples were ground and polished, and non-conductive sarrples were 
carbon-coated for electron probe analysis  a f t e r  op t i ca l  examination. 
Metallographic microchemical tests were not applied because of the  f i n e  
gra in  size and the  conplexity of mny of the  phase assenhlagea. The 
Talmdge hardness sca l e  (Short, 1940) of A - G (very soft t o  very hard) 
is u t i l i zed  i n  t h e  descriptions.  
Throughout t h i s  paper, t h e  word analysis  re fers  t o  the qua l i t a t ive  
o r  semi-quantitative ana ly t i ca l  mthods used, and f u r t h e r  study w i l l  
include the  r e f inemnt  of t h e  phase conpoaitions through quant i ta t ive  
a n a l y t i c a l  methods. 
c 
An ARL (Applied Research Laboratories) e lectron 
microprobe was used f o r  qua l i t a t ive  determination of elenents heavier 
I * 4 
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than sodium f o r  mst of the  phases. Fe and S were conpared t o  coexisting 
t r o i l i t e  (assumd s t o i c h i o m t r i c  FeS). Some Fe values were cross-checked 
wi th  nearby kanacite ( a s s u d  94.5 wt.% Fe). N i  was corrpared t o  kanacite 
(assumed 5.5 wt.% N i ) .  
e tc . ) ,  o r  undetermined e l e m n t s  ( 0 ,  C, or N), were assurred t o  cons t i t u t e  
t he  reminder  of a phase containing semi-quantitatively determined Fe , N i ,  
o r  S. 
o r  atomic nunher corrections were applied, the analyzed values contain 
e r r o r s  and a r e  hence semi-quantitative a t  best. 
Other qua l i ta t ive ly  determined e l e m n t s  ( C r ,  Ph, Zn, 
Because of these assurrptions, and because no absorption, fluorescence, 
GENERAL NODULE STRUCTURE AND TEXTURES 
P r i m r y  Nodule Structures and Textures. 
Figure 1 is a composite sketch i l l u s t r a t i n g  t h e  t y p i c a l  nodule 
s t ruc ture .  
core,  conposed nainly of t r o i l i t e ,  and a r i m .  
t h i s  r i m  and core s t ruc ture ,  although som r im a r e  only p a r t i a l l y  developed, 
as i n  Hex River. In  a l l  nodules, there  is a cha rac t e r i s t i c  sequent ia l  r i m  
and core occurrence of t h e  phases. The only exceptions t o  t h i s  sequent ia l  
occurrence are graphi te  and cliftonite, which my occur throughout t h e  
core ,  r i m ,  and extra-nodular kamci t e  (Fig. 6). 
tbst nodules a r e  nearly spheroidal i n  form and cons is t  of a 
A l l  nodules studied exhib i t  
The t yp ica l  nodule occurs i n  a large s ingle  c r y s t a l  of kamci t e ,  t h e  
p r inc ipa l  phase of octahedri te  meteorites. 
sequence is as follows (Ng. 1). Cohenite form the outermost band i n t t r -  
grown with inner  schre ibers i te  (Fig. 3). 
s ch re ibe r s i t e  my possess a subhedral outer form and extend along k a m c i t e  
Proceeding inwards, t h e  complete 
The o u t e r m s t  cohenite and/or 
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cleavage planes. 
beneath which is a ferroan sphaler i te  and/or r i m  t r o i l i t e  band (Figs. 10, ll). 
Mnera ls  H and I form t h e  i n n e r m s t  r i m  phases a t  t h e  r i m c o r e  in t e r f ace  
(Fig. 19). 
A c l i f ton i te  o r  graphite band is the  next layer  (Fig. lo), 
The core8 are usually conposed o f t r o i l i t e , w h i c h  m y  occur alone as 
a single c r y s t a l  o r  as severa l  coarse c rys t a l s ,  or it m y  contain one of t h e  
following intergrowth asserrblages : 
Creek, F i g .  14); graphic t roi l i te-graphi te  (Toluca, Fig. 8); s i l i c a t e -  
sulfide-mgnetite-graphftcchlorapatite (Toluca , Fig. 26); o r  s i l i c a t e  
f r a g m t s  i n  an i ron  oxide m t r i x  (Trenton, Fig. 29). 
observed have a r e l a t i v e l y  smoth core-rim in te r face  and are semi-spherical. 
daubreeli te exsolution larrdnae (Cosby 's 
A l l  of t he  cores 
IDENTIFIED PHASES 
1. amcite:  Kamacite is i so tmpfc  and generally exhib i t s  Widrmmtltten 
structure and Neunann l ines .  
is r e l a t i v e l y  soft (C-). 
93 t o  94.5 wt.% Fe and 5.5 t o  7 wt .% N i .  
general ly  t o  the  t o t a l  m t e o r i t e  range of 5 .5  t o  8 , 1 w t . %  Ni given by 
bs8a18ki (1962) f o r  the  Hex River, h g u r a ,  Canyon Diablo, and Toluca i ron  
mteorites. 
meteorite phase i n  the  specimens s t u d i e d ,  is  essent ia l ly  uniform throughout 
a given specimen. 
Its color is i ron  ( l i gh t  bluish)  grey, and it 
I n  conparison t o  t r o i l i t e ,  analyses varied between 
The range of N i  content corresponds 
Analyses indicate  t h a t  t h e  N i  content of kamci t e ,  t he  p r inc ipa l  
7 
The kamcite occurs as  large s ingle  c rys t a l s  enclosing a l l  nodules and 
containing t a e n i t e ,  p l e s s i t e ,  and schre ibers i te  exsolution laminae and 
blebs. 
against  core t r o i l i t e  (Fig. 1). 
troilite-schreibersite-daubreelite core i n  the Hex River specimen (Fig. 2). 
Kamcite i s  highly susceptible t o  t e r r e s t i a l  oxidation, and i ron oxides 
c o m n l y  replace it along f rac tures  and cleavages. 
Where no rml ly  intervening r i m  phases a r e  absent, kamcite abuts 
It occurs uniquely i n  the  center  of t he  
2. Taenite: Taenite is  s l igh t ly  harder (D+) than the  enclosing 
kamcite, and it is i so t ropic  and yellowish white grey. Taenite is r i che r  
i n  N i  than coexisting kamci te .  Taenite f o r m  the  pr inc ipa l  e ~ 8 O l ~ t i O n  
landnae on kanacite cleavage planes i n  a l l  specimns studied. 
concentrated around raome outer  nodule rim. 
and sch re ibe r s i t e  and 58 mre r e s i s t a n t  t o  oxidation than the  enclosing 
kanacite . 
It is 
Taenite occurs w i t h  p l e s s i t e  
P le s s i t e ,  t h e  eutectoid intergrowth of karmcite and t a e n i t e ,  was 
observed in the Canyon Diablo, Trenton, and Toluca specimns. 
port ions,  taenite form intergrowths with nagnetite and l i m n i t e  which 
replace the  kalwcite portion of t h e  p less i te .  
In  oxidized 
3. Schreibersite:  Harder (G) than kamcite and taeni te ,  schre ibers i te  
is t i n  white with a rose cream t i n t  which dis t inguishes  it from t i n  white 
cohenite. Schreibers i te  is weakly anisotropic and pleochroic. Its g rea t e r  
hardness and b r i t t l e n e s s  is exhibited by mre extensive fractur ing and 
jointing than is found i n  adjacent phases (Fig. 3). 
s ch re ibe r s i t e  contains 15-25 wt.% Ni and corresponds t o  the  conposition 
Analyses indicate  t h a t  
(Fe ,Ni & P. 
1 c 
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Schreibers i te  is the  pr inc ipa l  r i m  phase. It r im a l l  other  nodule and 
r i m  phases, except cohenite, which is  intergrown with it or f o r m  a band 
between r i m  schre ibers i te  and extra-nodular phases. 
is usually a s ing le  c r y s t a l  and may project  out along kamacite cleavage 
planes. 
i n  the core (Figs. 4, 5). 
The schre ibers i te  band 
It occurs less c o m n l y  as a r i m  f r a g m n t  mchanically included 
It a l so  occurs as exsolved laminae and d i sc re t e  
euhedral grains  (rhabdites) i n  extra-nodular kamci te .  Schreibers i te  is 
r e s i s t a n t  t o  oxidation and generally occurs with secondary mgne t i t e  and 
l imon i t e  i n  oxidized zones. 
4. Cohenite: This phase is w h i t e r  than, but ea s i ly  confused with, 
schre ibers i te .  
Cohenite. is e a s i l y  mistaken for mineral F, although it is s o f t e r  (E) and 
has  less d i s t i n c t i v e  anisotropism. Cohenite cha rac t e r i s t i ca l ly  exhib i t s  
less f rac tur ing  and jo in t ing  than adjacent schre ibers i te  (Fig. 3). The 
conposition of cohenite is generally uniform, and conpared t o  t r o i l i t e ,  
its iron content approxinates t h a t  of s t d c h i o m t r i c  Fe C. 
indicated t r a c e  amun t s  of nickel  ( less  than 1 wt.%) and the  absence of 
any o the r  e l e m n t ,  notably S and P. 
cohenite appears t o  be e s sen t i a l ly  nickel-free. 
It is t i n  white and weakly anisotropic  and pleochroic. 
Analyses 
3 
It should be noted t h a t  nodular 
Cohenite c o m n l y  occurs a8 the  outermost r i m  phase, s i tuated 
between kamcite and schreibersite or  t r o i l i t e  (Fig. 3), o r  intergrown 
with r i m  schre ibers i te .  It was observed a s  a r i m  phase i n  a l l  specinens. 
5. Graphite (and Cl i f ton i te ) :  Graphite is very comnon i n  both r i m  
and core a s s e h l a g e s ,  occurring a s  dark t o  brownish grey, very s o f t  (A),  
and s t rongly anisotropic  and pleochroic micaceous hexagonal p l a t e s  . 
occurs a s  c rys t a l l i ne  o r  amrphous aggregates within the  r i m  schre ibere i te ,  
cohenite , and t r o i l i t e  (Fig. 6). 
d e f o r d  (Fig. 7) ,  i n  t h e  Toluca s i l i ca te -su l f ide  core intergrowths. 
p r inc ipa l  core occurrence is a s  graphic intergrowths with t r o i l i t e ,  with 
t h e  graphi te  p l a t e s  oriented along cleavage planes i n  the  coarse grained 
t r o i l i t e  hos t  (Fig. 8). Other minor exsolved phases such a s  daubree l i te ,  
ferroan alabandite,  and pent landi te  a r e  found i n  these graphic intergrowths. 
The r e l a t i v e  proportions of t r o i l i t e  and graphi te  vary, forming bands of 
d i f f e r e n t  t o t a l  conposition (Fig. 9) with up t o  50 volum % graphi te .  
Graphite occurrences were observed i n  a l l  t h e  specimens s tudied,  except 
t h e  a t a x i t e ,  Hex River. 
It 
Graphite f o r m  pla ty  aggregates, somtimes 
Its 
C l i f t o n i t e  is a name applied t o  a t ex tu ra l ly  and genet ica l ly  d i s t i n c t  
form of graphi te ,  and is the  subject of a de ta i led  study by Frondel (1965). 
"Clif toni te l*  graphi te  occurs oriented i n  cubical  and cubo-octahedral 
aggregates (Figs. 6 ,lO,ll,38), which a r e  euhedral against  a l l  o ther  phases, 
r e l a t i v e l y  l a rge  (up t o  0.1 m.), and ubiquitous throughout t h e  ene ra logy  
of t h e  Toluca specimens. 
extra-nodular kamcite (Fig. 6 ) ,  i n  o r  with a l l  t he  r i m  phases, and i n  t h e  
t r o i l i t e  of t he  graphic t ro i l i t e -graphi te  intergrowths. It is  pr inc ipa l ly  
associated with r i m  graphi te ,  schre ibers i te  , cohenite , and t r o i l i t e  . 
one Toluca specimen, it forms a thick c rys t a l l i ne  band adjacent t o  
sch re ibe ra i t e  and t r o i l i t e  (Fig. 10). 
g raphi te  r i m .  
C l l f ton i te  occurs a s  d i sc re t e  aggregates i n  
In  
It was observed i n  t h e  Cosby's Creek 
C l i f t o n i t e  is  probably pseudomorphic a f t e r  an ea r ly  
9 
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c rys t a l l i z ing  phase, perhaps p r i m r y  diamnd (Frondel, 1965) . However, 
if diamnd were the primary phase, it would be incorrpatible i n  its Toluca 
occurrence w i t h  anor th i te ,  s ince the  anorthi te  deconposes a t  30 kilobars  
pressure,  which is  below the  s t a b i l i t y  f i e l d  f o r  diamnd a t  tenperatures 
g rea t e r  than 40OoC (Boyd and England, 1961). 
6. T ro i l i t e :  T r o i l i t e  is brownish brass yellow, but var ies  t o  
yellower o r  browner shades. 
s ens i t i ve  t o  stress, 
were observed. 
c o m n l y  shaw p a r t i a l  o r  extensive a l te ra t ion  of t r o i l i t e  by Fe-Ni-S 
phases, notably pent landi te  (Fig. 12). 
t r o i l i t e  breccias  occur i n  a rmgnetite m t r i x  (Fig. 5). 
It is mderately s o f t  (D) and apparently 
b n y  exanples of physical deformt ion  of t r o i l i t e  
These deformt ion  zones, described i n  a l a t e r  sect ion,  
In  som specimens, angular 
T r o i l i t e  is probably s to i ch iomt r i c  FeS (1: 1 pyrrhot i te )  having 
c rys t a l l i zed  i n  the  presence of an i ron phase (kamcite), 
none of t he  crystallographic var ia t ions (see Gehlen, 1963) c o m n  to 
t e r r e s t i a l  pyr rhot i tes ,  a s  noted by Rarrdohr (1963). 
pent landi te  and daubreel i te  laminae i n  t r o i l i t e  cleavage planes were 
observed i n  this study. 
most specimens (especial ly  Canyon Diablo and Toluca), however, perpendicular 
laminae occur in t he  Cosby's Creek specimn (Fig. 14). 
It exhib i t s  
n o  orientat ions of 
Threefo ld  or ien ta t ion  (Fig. 13) was noted i n  
The conposition of t r o i l i t e  i s  generally considered t o  be s t o i c h i o m t r i c  
Qual i ta t ive FeS (Ramlohr, 1963; h s o n ,  1962; Perry, 1944, and Gehlen, 1963). 
a n a l y t i c a l  calculat ions f o r  wt.% Fe i n  mgne t i t e ,  l i m n i t e ,  py r i t e ,  and t h e  
Fe-Ni-S minerals, using adjacent aseumd s t o i c h i o m t r i c  t r o i l i t e  as a 
standard,  were reasonably close t o  t h e  cor rec t  ValW6. Huwever, s ign i f i can t  
. 
var ia t ions  i n  color  suggest t h a t  t h e  t r o i l i t e  conposition may vary. 
var ia t ions  might include the presence of N i  o r  T i  (Keil and Fredrikson, 1963). 
However, only Fe and S were detected i n  analyses mde of "off-color" and 
normal t r o i l i t e s .  
Such 
T r o i l i t e  is the  pr inc ipa l  phase of a l l  t he  observed nodule cores forming 
9+95 volume % of mst cores. 
s i l i ca te -su l f ide  (Toluca), s i l i c a t e i r o n  oxide (Trenton), o r  graphic 
t ro i l i t e -graphi te  (Toluca), it f o r m  50-90 volwre % of t h e  cores. Core 
t r o i l i t e  mually occurs a s  either a s ing le  c r y s t a l  o r  severa l  coarse grained 
c r y s t a l s  . 
I n  specimens containing intergrowths of 
Graphic t ro i l i t e -graphi te  intergrawths have been described above. I n  
t h e  troilite-silicate-graphite-magnetite-chlorapatite intergrowths i n  Toluca, 
t he  t r o i l i t e  occurs i n  f i v e  fo rm:  
similar sized s i l i c a t e  grains  (Fig. 6 ) ;  2) blebs occurring within the  
s i l i c a t e  grains  and of ten containing smller blebs of ferroan alabandite,  
daubreel i te ,  pentlandite,  and ndneral L; 3) myrmkitic i n t e rg rmths  with 
hypersthene and occasionally ndneral B (Figs. 15,16); 4)  vein le t s ,  sometines 
containing pent landi te ,  which cut through e a r l i e r  s i l i c a t e  grains  and 
t r o i l i t e  blebs (Fig. 17); and 5 )  spherical  "dropsT1, which contain small 
blebs of pent landi te ,  ferroan alabandite,  and daubreel i te  and occur i n  a 
vein m t r i x  of chlorapa t i te  and p r imry  mgne t i t e  (Fig. 18). 
1) discrete gra ins  in t e rg rwn  with 
Blebs and exsolution landnae of pentlandite,  ferroan alabandite,  
daubree l i te ,  nat ive copper, and minerals A, B, D ,  E, and L c o m n l y  occur 
within l a r g e r  t r o i l i t e  grains  i n  a l l  specimens studied. 
occurs i n  Toluca specimens (Fig. 19) i n  t h e  inner  r i m  and p a r t i a l l y  separated 
from t h e  core by mlnerals H and I. 
conposed of e i t h e r  s i l i c a t e s u l f i d e  o r  graphic t ro i l i t e - su l f ide  intergrawths. 
R i m  t r o i l i t e  
Where r i m  t r o i l i t e  occurs, the  core is 
7. Pyrite:  Pyr i te  occurs uniquely i n  one !&enton specimn as  severa l  
l a rge  (0.25 mn.) masses oriented w i t h  respect t o  a cleavage d i rec t ion  i n  a 
hos t  t r o i l i t e  gra in  (Fig. 20). 
y e l l w .  
The p y r i t e  is i so t ropic ,  hard (F), and brass  
Conpared t o  coexisting t r o i l i t e ,  analysis  indicates  an Fe content 
consis tent  with s t o c h i o m t r i c  FeS and no e l e m n t s  besides Fe and S were 
detected. 
2’  
M n e r a l J  everywhere r im  the  py r i t e  a t  t h e  p y r i t e - t r o i l i t e  
interface.  
8. Pentlandite: The Occurrence of pent landi te  and related Fe-Ni-S 
phases is the  subject  of a paper i n  preparation. 
s o f t  (D) and isotropic .  
and darker  shades . 
quant i ta t ive  analyses indicated a generally constant m t a l / S  r a t i o  of 9/8 
conpared t o  troil i te and kanacite. The Fe/”i r a t i o s  tend t o  be near 5/4, 
but  have a range of 1/1 t o  2/1. 
s toichiometr ic ,  but som corrpositional var ia t ion  may be the  cause of its 
color  var ia t ion .  
Pentlandite is r e l a t i v e l y  
It is bronze yellow, with som variat ion t o  l i g h t e r  
Stoichiometric pentlandite is  (Fe ,Ni)9S8, and semi- 
Pentlandite is probably close t o  
No e l e m n t s  other than Fe, Ni, and S were detected,  
Pentlandite occurs i n  a l l  specinens except Hex River and Canyon Diablo. 
Pentlandite,  associated with daubreeli te and ferroan alabandite,  occurs as 
primary blebs throughout t h e  t r o i l i t e  cores, 
near t h e  core periphery (Fig. 21) or near graphi te  i n  graphic t r o i l i t e -  
g raphi te  i n t e r g m t h s  (Fig . 8). One Toluca specimen exhibited exsolved 
pent landi te  laminae along t r o i l i t e  cleavage planes p a r a l l e l  t o  cxsolved 
daubree l i te  larrdnae. 
and ve in l e t s  within s i l i c a t e  grains i n  the  Toluca s i l icate-sulf ide 
assenblages (Fig. 18). 
They are  usually concentrated 
Pentlandite grains corm~nly occur i n  t r o i l i t e  blebs 
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The p r inc ipa l  occurrence of pentlandite, sometines w i t h  o ther  
Fe-Ni-S phases, is a s  a t r o i l i t e  a l t e r a t ion  phase probably caused by 
Ni-mtasomtism along zones of weakness, such a s  shear  zones (Figs. 11,22), 
f r ac tu re s  (Fig. 14),  and cleavage planes (Fig. 13). The Fe-Ni-S phases a r e  
mst abundant on core peripheries or i n  r i m  t r o i l i t e ,  and they tend t o  be 
less abundant o r  missing tuward t h e  core center  (Fig. 23). They a r e  b e s t  
developed adjacent t o  Ni-bearing phases, espec ia l ly  sch re ibe r s i t e  and 
kamcite, and a r e  only weakly developed o r  absent adjacent t o  Ni-free 
cohenite (Fig. 24) o r  t o  an intervening inner  graphite r i m  (Fig. 6). 
Pktasomtic  pent landi te  is c o m n  i n  a l l  specimens except Hex River and 
Canyon Diablo. 
Randohr (1963), Kdkrud (1963), and &son (1962) t o  t h e  release of N i  
from Ni-bearing phases by terresGa1 oxidation and aqueous react ion with 
t r o i l i t e  t o  form pentlandite. 
pent landi tes  by pre- te r res t>a l  nickel-netasomatism. 
Such pentlandite occurrences a re  a t t r i bu ted  by 
The author favors t h e  f o r m t i o n  of these  
9. Daubreelite: Daubreelite is i so t rop ic  and harder (E)  and less 
f rac tured  than t r o i l i t e .  
with a greenish t i n t .  
indicated Fe and S values consis tent  with s to ich ione t r ic  FeCr S As C r  
was t h e  only o ther  element generally detected,  daubree l i te  is probably 
It is  brownish yellow (darker than t r o i l i t e )  
In  corrparison with t r o i l i t e ,  analyses generally 
2 4' 
s t o i c h i o m t r i c  . 
All specimns contained daubreelite. It occurs i n  aggregates with 
fe r roan  alabandi te  and pentlandite i n  t r o i l i t e  near core per ipheries  
(Fig . 21). 
t r o i l i t e  cleavage planes, especially i n  the  Cosby's Creek specinen (Fig. 14). 
Daubreelite c o m n l y  form exsolution laminae oriented along 
1 
14 
In  t h i s  specimen pent landi te  is closely associated with t h e  daubree l i te  
laminae, but is considered a l a t e r  a l t e r a t ion  phase of t he  enclosing 
t r o i l i t e .  
Sone Toluca specimens contain daubreel i te  and chromite, but they a r e  
never d i r e c t l y  associated.  
exsolved blebs i n  the  s i l icate  assernblages, whereas the  daubreel i te  occurs 
separately a s  exsolved grains  wfthin t r o i l i t e  blebs i n  s i l i c a t e  gra ins  and 
i n  r i m  t r o i l i t e .  
chromite perhaps f o r d  w i t h  t he  silicates i n  t h e  presence of oxygen. 
Chromite occurs as  la rge  d i sc re t e  gra ins  o r  
Daubreelite probably has exsolved from t r o i l i t e ,  and 
10. mnganiferous daubreeli te:  This phase is whitish yellow brown 
and l i g h t e r  than n o r m l  daubreel i te ,  I n  t h e  Cosby'a Creek specimen it is 
white t a n  and occurs a s  exsolution laminae along cleavage planes p a r a l l e l  
to ,  but  separate  from, n o r m l  daubreelite-containing cleavage planes i n  
t r o i l i t e .  It is otherwise similar in  appearance t o  n o r m l  daubreel i te .  
Analyses of manganiferous daubreeli te ind ica te  a var iable  but s ign i f i can t  
Ph content. 
b b e a r i n g  daubreel i te  i n  t h e  Norton County achondrite . 
Keil and Fredrikson (1963) repor t  a similar low (1.0 wt.%) 
bnganiferous daubreel i te  was observed i n  the  Canyon Diablo and 
Hex River specimens. 
smll ( 5 - 1 5 ~  ) gra ins  intergrawn with s imi la r  sized grains  of rmlneral F 
i n  an aggregate of coarser grained troil i te.  This assemblage f o r m  t h e  
core (Fig . 2). 
throughout, but f o r m  25 volune % of t h e  core. Ferroan alabandite and 
n o r m 1  daubreel i te  occasionally replace t h e  mnganiferous daubreel i te  . 
I n  t h e  Hex River specimen it uniquely occurs as  
The mnganiferous daubreeli te is i r regular ly  d is t r ibu ted  
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U. Ferroan sphaler i te :  Ferroan spha le r i t e  is i so t ropic ,  r e l a t i v e l y  
s o f t  (D), and it is darker grey than sb ich io& spha le r i t e  (ZnS). 
exh ib i t s  a dark brown i n t e r n a l  re f lec t ion  and shows l i t t l e  o r  no fractur ing 
o r  jo in t ing .  
than 50 mole % FeS, which would be indicat ive of high terrperature, 58O-8OO0C, 
(Barton, Toulmln, 1963). 
It 
Analyses ind ica te  t h a t  ferroan sphaler i te  m y  contain mre 
Only Fe, Zn, and S were detected by analysis.  
Ferroan spha le r i t e  is a c o m n  r i m  phase i n  some Toluca specimens, 
occurring a s  a s ing le  c r y s t a l  band between outer  r i m  s ch re ibe r s i t e ,  cohenite,  
and c l i f t o n i t e  and inner  r i m  t r o i l i t e  (Figs. 10, ll). 
f i n e  grained exsolution blebs i n  ferroan spha le r i t e  . 
occasionally occurs a s  small gra ins  with ferroan alabandite and daubreel i te  
i n  t h e  core, especial ly  i n  the  s i l i ca te -su l f  i d e  intergrowths . 
Mineral 0 occurs a s  
Ferroan spha le r i t e  
12. Ferroan alabandite: This phase is l i g h t  mdium grey, s l i g h t l y  
l i g h t e r  than ferroan sphaler i te .  
t r o i l i t e .  
e-, Fe- bearing neteoritic alabandite phase. 
suggest a conposition of (h ,Fe)S with a h / F e  r a t i o  of about 6/1. 
a labandi te  is comnon t o  a l l  specimens except Cosby's Creek. 
occurs with f i n e  grained pentlandite and daubreel i te  a s  blebs along t h e  core 
t r o i l i t e  per ipheries  (Fig. 21), or along graphi te  intergrowths with t r o i l i t e  
(Fig. 8). 
gra ins .  
It is i so t ropic  and s o f t e r  (C) than 
Keil and Fredrikson (1963) and Randohr (1964) describe a s ind la r  
Analyses of ferroan alabandite 
Ferroan 
It generally 
Mnera l  N occurs a s  exsolution blebs i n  mny ferroan alabandite 
. 
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13. Native copper: Native copper is s o f t  (B) ,  i so t rop ic ,  and copper 
colored. It occurs i n  t r o i l i t e  a s  s m l l  (0.20 x 0.02 mn.) grains.  
a minor phase i n  t h e  Cosby's Creek, Trenton, and Toluca specimens, occurring 
i n  blebs along t h e  t r o i l i t e  core peripheries,  where It is generally 
associated with a grey copper oxide (?) phase i n  adjacent l a t e  i ron  oxide 
veins (Fig. 13). 
Cu-Fe-S minerals A, D, and E on t h e  periphery of r i m  t r o i l i t e  (Fig. 25). 
It is  
In  t h e  Toluca specimen nat ive copper occurs with t h e  
14. Hypersthene: Hypersthene is i n  reflected l i g h t  l i g h t e r  grey than 
anor th i t e ,  t h e  other  c o m n l y  occurring s i l i c a t e  phase. 
rounded i n  form, som elongated grains exhib i t  p r i s m t i c  cleavage. 
hard (G), mdium grey, and possesses a strong yellaw brawn i n t e r n a l  
r e f l ec t ion  i n  oblique l i g h t .  
Though generally 
It is 
An X-ray d i f f r a c t i o n  pa t te rn  (Table 111) of a mixture of t h e  Toluca 
s i l i ca t e - su l f ide  intergrowth phases includes most of the  pr inc ip le  hypcrrthene 
l i nes .  
t h e  follawing observations mde on crushed grains: 
p r i s m t i c  formwith p a r a l l e l  extinction; yellow brown color ;  and 1.70 -e N, 
and N, -c 1.72. 
56-60 mole % &Si03: 
Optical  ve r i f i ca t ion  of t he  presence of hypersthene i s  indicated by 
l o w  birefringence; 
The observed indices ind ica te  a conposit ional range of 
(Winchell., 1961,  p. 406). 
Hypersthene is one of t h e  two pr inc ipa l  s i l i c a t e  phrssa in t he  Toluca 
silicate-sulfide assenblages, which conpose up t o  85 volum % of the  cores. 
Hpperatthene and anor th i te ,  i n  roughly equal proportions, form about 
65 volume % of t h e  intergrowths (Figs. 26, 27). 
anhedral  t o  subhedral gra ins ,  0 . 1 t o  0.5 mn. i n  s ize .  
They occur a s  equigranular,  
Both s i l i c a t e s  a r e  
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i n t e r g r m  with micaceous graphi te  . Semi-spherical and elongated t r o i l i t e  
blebs occur i n  both s i l i c a t e s  (Figs. 17,26,27), o r  a r e  oriented along t h e  
s i l i c a t e  interfaces ,  which a l s o  contain primary m g n e t i t e  (Fig. 28). 
sone sec t ions ,  t h e  t r o i l i t e  f o r m  pa ra l l e l  oriented "trains" of blebs 
cu t t ing  indiscrindnantly across a l l  other  phases (Fig. 26) and m y  represent  
healed f rac tures .  
int imate  myrmekitic intergrowth (Figs. 15, 16). 
fragnents with mineral R and anorthite i n  an i ron  oxide rwtrix i n  sone 
Trenton cores. 
In  
h n y  hypersthene grains  contain t r o i l i t e  blebs a s  an 
Hypersthene a l s o  occurs a s  
15. Olivine: Olivine is very sinr l lar  i n  polished sec t ion  t o  hypersthene, 
but  it has a greenish i n t e r n a l  ref lect ion.  
of &, Fe, and Si .  
(Table 111) contains a l l  of t he  pr inc ipa l  o l iv ine  l i n e s  (A.S.T.M. # 7-0159; 
64 mole % b&SiOq). Optical  ver i f ica t ion  of t h e  iden t i f i ca t ion  of t h i s  
phase was based on t h e  following observed propert ies  of crushed grains:  
p a r a l l e l  ex t inc t ion ;  l i g h t  green color; r e l a t ive ly  high birefringence ; 
1.70 < N, and Nz 1.74. These i nd ices  ind ica te  a conposition of about 
65  mle % b&Si04 (Deer, Howie, and Zussmn, 1962). 
Analysis indicates  t h e  presence 
The intergrowth mixture X-ray d i f f r ac t ion  pa t t e rn  
Olivine was observed i n  the  center of t h e  Toluca s i l i ca t e - su l f ide  core. 
Its g ra in  s i z e  is l a rge r  than t h e  other s i l i c a t e  grains.  
t r o i l i t e  blebs,  but no wrmkitic t ro i l i t e -o l iv ine  intergruwths were observed. 
This phase composes an a s t i m t e d  5 volume % of t he  core intergrowth. 
It encloses 8om 
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16. Anorthite: Anorthite is hard (G), dark grey (darker than 
hypersthene) , anhedral, and exh ib i t s  no i n t e r n a l  re f lec t ion .  
indicated t h e  presence of Ca, Al, and S i .  
X-ray d i f f r ac t ion  pa t te rn  
l ines .  
Analyses 
The intergrowth mixture 
(Table 111) includes a l l  t h e  p r inc ipa l  anor th i te  
The following o p t i c a l  propert ies  observed i n  crushed gra ins  
ve r i f i ed  t h e  i d e n t i f i c a t i o n  of t h i s  phase a s  a calcic plagioclase,  probably 
anor th i te :  l o w  birefringence; color less ;  and i n  general ,  1.580 Q and 
N, 
(Winchell, 1961, p. 2 8 0 ) .  
an90'an100 1.590, which corresponds t o  a conposition range of 
Anorthite is t h e  o the r  pr inc ipa l  s i l i c a t e  i n  t h e  Toluca s i l i c a t e -  
s u l f i d e  assenblages. Its general  occurrence is described above with 
hypersthene. 
anor th i t e - t ro i l i t e  intergrowths were observed. Chlorapatite-magnetite 
T r o i l i t e  blebs a r e  enclosed i n  anor th i te ,  but no myrmkitic 
intergrowths occur with both silicates, but tend t o  be associated with 
anor th i te .  
with hypersthene and mineral R i n  the Trenton s i l ica te - i ron  oxide asseh lages .  
Anorthite is  found a s  fragments and i n  fragmnted intergrowths 
17. Ureyite: This new meteoritic pyroxene was observed as a euhedral 
g ra in  i n  karnacite adjacent t o  t h e  Hex River nodule r i m .  
and pleochroic i n  re f lec ted  l i g h t ,  hard (G), smll (25~), transparent,  
and exh ib i t s  a b r i l l i a n t  green in t e rna l  ref lect ion.  Analysis indicated 
the  presence of C r ,  S i ,  and minor Ca. 
It is dark grey 
The analysis  did not inves t iga te  t h e  
presence o r  absence of Na, but t h i s  phase is concluded t o  be urey i te  
(NaCrSi206), described by Frondel and Klein (1965), with minor Ca present 
' i n  s o l i d  solut ion.  
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18. Chromite: Chromite is  hard (G), subhedral, i so t ropic ,  l i g h t  grey 
( l i gh te r  than hypersthene), and exhibits no in t e rna l  re f lec t ion .  Analyses 
indicated the  presence of Fe and C r  only. 
inconpatible with t h e  Cr-bearing su l f ides  daubreel i te ,  mnganiferous 
Chromite is considered 
daubreel i te ,  and mineral P, because it was never observed associated with 
these  phases although they occur i n  t h e  Sam nodules. 
Chromite is a minor phase t h a t  is c o m n  i n  the  Toluca s i l icate-sulf ide 
assenblages . Individual  subhedral grains occur randomly throughout t he  
assenblage, but  tend t o  concentrate near the  assemblage periphery. 
chromite grain size is s l i g h t l y  larger  than t h a t  of the  average s i l icate  
phase. 
intergrawths with hypersthene (Fig. 15). 
The 
Chromite also occurs a s  blebs i n  s i l icate  phases and a s  nyrmekitic 
19. Qllorapatite: This phase is rredium grey ( s l igh t ly  l i g h t e r  than 
mgne t i t e ) ,  s o f t e r  (-E) than the  si l icate phases, and it exhib i t s  a br ight  
yellow brown i n t e r n a l  ref lect ion.  Analyses indicated t h e  presence of Ca, P, 
and C1. 
(Table 111) includes a l l  t he  pr incipal  ch lorapa t i te  l i nes .  
In  addition, t h e  intergrawth mixture X-ray d i f f r ac t ion  pat tern 
Chlorapati te is c o m n  to t he  Toluca s i l i ca t e - su l f ide  assenblages, i n  
which it is always in t ina t e ly  veined by primary m g n e t i t e  (Fig. 18). 
is general ly  associated with anorthite.  
vein i n  t h e  wholly s i l icate-sulf ide core. 
t r o i l i t e ,  which my have formed as immiscible l iqu id  drops (Fig. 18). 
vein is continuous, but  t h e  chlorapat i te  is abruptly subst i tuted f o r  by 
graphi te  (Fig. 27). 
It 
Chlorapati te f o r m  a crosscut t ing 
This vein contains spherules of 
The 
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20. I l m n i t e :  I l m n i t e  is pleochroic ( l i g h t  grey t o  purplish brown 
It is  hard (G) and grey) and strongly anisotropic ( l igh t  grey t o  brawn). 
exhib i t s  no i n t e r n a l  re f lec t ion .  
and T i  only. I l m n i t e  intergrown with p r i m r y  magnetite was observed a s  
f r agmnts  along with s i l i c a t e  fragments i n  sone Trenton cores (Fig. 2 9 ) .  
The ilmenite and p r i m r y  nagnetite show no evidence of replacement by the  
m t r i x  i ron oxides. 
Analysis indicated t h e  presence of Fe 
21. h g n e t i t e :  h g n e t i t e  is  ubiquitous i n  a l l  sec t ions  studied. 
b 6 t  m g n e t i t e  is  secondary and occurs i n  veins and fractures which cu t  a l l  
p r i m r y  phases o r  along t h e i r  interfaces.  
associated limonite a r e  believed t o  be t e r r e s t i a l  i n  or ig in  through 
oxidation e i t h e r  by passage through t h e  atmsphere (mst secondary 
m g n e t i t e s )  o r  by weathering following impact (mst l i m n i t e s ) .  
Secondary magnetite and 
Huwever, eone nagnetite is  c lear ly  primary, intergrown with s i l i c a t e  
and phosphate phases. 
o p t i c a l  properties.  
i so t rop ic ,  and exh ib i t  no pleochroism o r  in t e rna l  ref lect ion.  
i nd ica t e  up t o  about 6 ut.% N i  subs t i tu t ing  f o r  Fe, which would correapond 
t o  25 mole % t r e v o r i t e  (NiFe204). 
and contains l i t t l e  o r  no N i .  
and as the  N i  content increases,  t h e  color  becorns a brawnish grey. 
Primary and secondary nagnetite a r e  s ind la r  i n  their  
Both a r e  mdium grey ( l i g h t e r  than l i m n i t e ) ,  hard (F), 
Analyses 
Primary mgne t i t e  is l i g h t  medium grey 
Secondary mgnertite contains 0 t o  6 wt.% N i ,  
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Primry m g n e t i t e  f o r m  int imate  intergrowths with pyroxene o r  
ch lorapa t i te  (Fig. 28 and Fig. 18),  or it occurs as f i n e  veins on s i l i c a t e  
gra in  boundaries (Fig. 28). 
graphite-chlorapatite-magnetite intergrowths i n  t h e  Toluca specimns is  
considered prinary. 
b s t  of the  magnetite i n  t h e  s i l i c a t e - t r o i l i t e -  
Secondary m g n e t i t e  is c o m n l y  superimposed on primary magnetite 
naking t h e i r  o p t i c a l  d i s t i nc t ion  d i f f i c u l t .  
usually associated with l i m n i t e ,  and both secondary phases cu t  t h e  p r i m r y  
phases. 
But secondary m g n e t i t e  is 
Brecciated t r o i l i t e  occasionally occurs i n  a matrix of nagnetite 
without l i m n i t e ,  and t h e  t r o i l i t e  grains a r e  sharply angular with no 
evidence of replacemnt  (Figs 4, 5 ) .  
be p r i m r y  o r  m y  represent oxidation during a tmspher i c  entry. 
This t ro i l i t e -magnet i te  breccia may 
Secondary magnetite is e a s i l y  recognized when associated wlth l i m n i t e  
i n  f r ac tu res  crosscutting primary phases (Figs. 19, 22, 42, 43, 44). 
genera l ,  oxidation is a se l ec t ive  process with the  preferred replacenrent of 
kamcite > t a e n i t e  7 pent landi te  7 sch re ibe r s i t e  >cohenite. 
r e s i s t a n t  phases a r e  comnonly associated with secondary nagnetite and 
l i m n i t e  along zones of weakness such as major s t r u c t u r a l  boundaries 
(i.e., r i m  band, r i m c o r e ,  and ridcamcite in te r faces ;  Figs. 10, 19), 
f r a c t u r e  s y s t e m  (Fig. 4), cleavage planes (Figs. 13, 14), shear zones 
(Fig. 22), deformt ion  and recrys ta l l ized  zones (Fig. Xi), and pent landi te  
a l t e r a t i o n  zones (Figs. 13, 14, 22). 
with most phases i n  t h i s  study. 
I n  
The mre 
Hence, secondary m g n e t i t e  occurs 
22 
Some occurrences a r e  qu i t e  conplex. I n  one Toluca specimen, perhaps 
near t he  a tmspher ic  fusion crust, an oxidized t r o i l i t e  nodule contains 
secondary mgne t i t e  of varying Ni content and color ,  mineral E (ferroan 
t r e v o r i t e  ? ) , 
Portions 
l i m n i t e ,  and rennant t r o i l i t e  and pentlandite (Fig. 30). 
of two Trenton cores contain s i l i c a t e  fragnents i n  a 
rmgnetite mtrix with minor l i m n i t e  (Fig. 2 9 ) .  
t h i s  m g n e t i t e  is p r i m r y  o r  secondary. 
It is not  known whether 
22. Limnite:  Limonite var ies  considerably i n  form and conposition. 
It c o m n l y  appears s o f t  It is generally dark grey and very f ine  grained. 
due t o  f i n e  c r y s t a l l i n i t y ,  b r i t t l eness ,  and open spaces. 
from associated secondary m g n e t i t e  by i ts  darker co lor ,  pleochroism (mdium 
t o  dark grey), anisotropism, and d u l l  brown i n t e r n a l  ref lect ion.  
addi t ion,  l i m n i t e  tends t o  cu t  o r  replace both prirmry and secondary 
mgne t i t e .  
N i ,  up t o  5 wt.%, in ,  addi t ion t o  Fe. 
It is distinguished 
In  
Analyses of homgeneous limonite indicated the  prerence of 8om 
UNIDENTIFIED OF TENTATIVELY IDENTIFIED PHASES 
23. Mineral A: This phase is brass  yellow ( l igh te r  than pent landi te)  
The grain and weakly anisotropic.  
s i z e  of ndneral A is less than 6p, which prevented unanbiguous analysis.  
Mineral A occurs i n  a Toluca specimen i n  t r o i l i t e ,  p a r t i a l l y  rimrring 
n a t i v e  copper and minerals D and E,  and a s  d i sc re t e  grains  along the  t r o i l i t e  
r i m  near  o ther  Cu-bearing phases (Fig. 25). It m y  a l so  occur as  f i n e  gra ins  
It appears s o f t e r  (- C+) than t r o i l i t e .  
. 
23 
i n  severa l  t r o i l i t e  blebs i n  Toluca s i l i c a t e  phases. 
o p t i c a l  propert ies  and its association with other Cu-Fe-S phases, mineral A 
m y  be chalcopyrite o r  a member of the non-stoichiomtr ic ,  high temperature 
chalcopyrite phase region (Yund , Kullerud, 1960). 
(borni te  ? )  i n  t r o i l i t e ,  mineral A my be a reaction r i m  phase. 
Because of its 
In  rimning mineral E 
24. Mineral B: Mineral B is hard (G), white grey, i so t ropic ,  with 
no i n t e r n a l  ref lect ion.  
showing two cleavages. 
r u t i l e ,  a s  suggested by t h e  Toluca s i l i ca te -su l f ide  intergrowth X-ray 
d i f f r ac t ion  pa t te rn  (Table 111), which contains a l l  the  pr inc ipa l  r u t i l e  
l i n e s  . 
It is generally euhedral, occurring i n  equant form 
Analysis detected only T i  and mineral B may be 
Mineral B is a minor phase i n  the  Toluca s i l i ca te -su l f ide  a s s e h l a g e s  
a s  blebs in the silicates (Fig. 28) and myrmbkitic intergruwths with 
hypersthene (Fig. 15). 
t r o i l i t e .  
with graphi te  and schre ibers i te  i n  the core t r o i l i t e  periphery. 
In  som specimens it f o r m  euhedral gra ins  i n  
The Cosby's Creek specimen contains two grains  of mineral B 
25. Mineral C: This phase is hard (G), i so t ropic ,  and very dark 
brownish black with no in t e rna l  ref lect ion.  
and associat ion with Ni-bearing mgnetite and i ts  nuch darker color ,  
rrdneral C m y  be a Ni-rich member of t he  series rmgnetite (FeFe204) - 
t r e v o r i t e  (NiFe204). 
of varying N i  content and l i g h t e r  grey color  i n  the  oxidized Toluca 
nodule described above (Fig. 30). 
Because of its s imi l a r i t y  t o  
Mineral C is intergrown with secondary m g n e t i t e  
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26. Mineral D: MineralD is a l i g h t  o l ive  grey, subhedral, s o f t e r  
(C) than t r o i l i t e ,  and anisotropic ,  with polar iza t ion  colors  of dark blue 
grey t o  l i g h t  yellow grey. 
analysis .  
anisotropic .  
o r  it nay be cubanite, with which it is mst op t i ca l ly  similar. It occurs 
i n  t h e  Toluca r i m  occurrence of copper-bearing phases i n  t r o i l i t e  adjacent 
t o  na t ive  copper and p a r t i a l l y  r i m d  by mineral A (Fig. 25). 
Its grain s i z e  is about 5 p ,  obviating conclusive 
It is t h e  co lor  of chalcopyrrhotite (Randohr, 1963), but it is 
Mineral D might be chalcopyrrhotite o r  v a l l e r i t e  (Radohr , 1963), 
27. Mineral E: This phase occurs i n  t r o i l i t e  i n  t h e  Toluca Cu-rich 
r i m  asserhlage (Fig. 25), and is apparently i so t rop ic  and varies from pink 
blue t o  anomlous dark blue. 
r i m d  by ndneral A (chalcopyrite ?). 
multicolored i n  blues and about U p  i n  s ize .  
presence of Cu, Fe, and S. 
terrperature born i te  so l id  so lu t ion  phase region studied by Yund and Kullerud 
(1960), Kullerud (1960), and Brett (1963). 
It i s  s o f t e r  (-B) than t r o i l i t e  and it is 
The l a rges t  g ra in  observed was 
Analysis indicated the  
This phase resedles born i te  o r  t h e  high 
28. Mineral F: This phase is consan t o  most specinens i n  r i m  
assoc ia t ion  with n o m 1  schre ibers i te  and cohenite. 
presence of Fe, N i ,  and P, with a m t a l / P  r a t i o  of 3/1; hence, it is 
probably a m h e r  of t h e  schre ibers i te  so l id  so lu t ion  series Fe3PNi3P 
(Clark, 1961). 
cream t i n t ,  but is  othelwise opt ica l ly  s imilar .  
Analyses indicated t h e  
It is whiter than norm1 sch re ibe r s i t e  and lacks t h e  rose 
2 5  
Mineral F was distinguished p r ina r i ly  by ana lys i s ,  which indicated 
considerably more N i  than i n  normal schre ibers i te .  
Canyon Diablo, Hex River (Fig. 2 ) ,  Fhgura, Toluca, and Trenton specimens. 
It occurs i n  the  
2 9 .  Mineral G: Mineral G was observed i n  the  h g u r a  specimens and 
possibly i n  one Toluca specimen. 
and t h e  t r o i l i t e  is extensively replaced by Fe-Ni-S phases, notably pentlandite 
and mineral L. 
s ch re ibe r s i t e  and pentlanditized t r o i l i t e  (Fig. 31). 
v a r i e s  from pale  yellow white t o  yellow. 
Analyses were highly var iab le ,  which my be due t o  its f i n e  grained occurrence 
and t o  in te r fe rence  from neighboring phases. The analyses indicated t h e  
presence of Fe, N i ,  P, and possibly S. 
phase between sch re ibe r s i t e  and t r o i l i t e  o r  pent landi te ,  but it could a l s o  
be an unrecognizable mixture of these phases. 
o r  jo in ted  than adjacent schreibers i te .  
similar t o  Randohr's new mineral A (1963). 
The Magura specimens are highly brecciated 
Mineral G occurs as  an apparent gradational phase between 
It is anisotropic  and 
Its boundaries a r e  poorly defined. 
Mineral G m y  be a react ion rim 
It is generally less fractured 
Mineral G contains zig-zag par t ings  
30. Mineral H: Mineral H is closely re la ted  t o  mineral I. Mineral H 
is coarsely grained (up t o  0.28 mn.), anhedral, t ransparent ,  i so t rop ic ,  and 
very dark  grey. 
apple green i n t e r n a l  r e f l ec t ion  and color. 
associated su l f ideo ,  bu t  it is b r i t t l e  and shows extensive fractur ing.  
Analyses detected only N i .  The N i  content, conpared t o  kamcite (assurnad 
5.5 wt.% N i ) ,  is about 65 w t . %  N i .  This phase m y  be bunsenite (NiO). 
I n  refracted and transmitted l i g h t ,  it exh ib i t s  a b r i l l i a n t  
It appears t o  be harder than 
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I .  
Mineral H was observed only i n  the Toluca specimns as  the  innermst 
r i m  phase between the  graphic t ro i l i t e -graphi te  core and a l l  other  r i m  
phases (Fig. 19). 
t h e  graphic t ro i l i t e -graphi te  intergrowth. In  two occurrences, t he re  is 
a f i n e  grained, s imi la r  appearing, coexisting, platy phase, which m y  o r  
m y  not be a separate phase. 
It occasionally extends i n t o  o r  is wholly contained i n  
31. Mineral I: Minerals H and I appear i den t i ca l  i n  ref lected l i g h t ,  
but  i n  refracted o r  transmitted l i g h t ,  mineral I exhib i t s  a strong red  
brawn i n t e r n a l  ref lect ion.  Analyses indicated less N i  than mineral H and 
a s ign i f i can t  Fe content. Both phases occur i n  t h e  same rim-core in te r face  
i n  t h e  Sam Toluca specimn,  but the bands of these two phases a r e  mno- 
tnineralic and are never observed as being contiguous. Mineral I may be a 
conposit ional var ie ty  of mineral H, but  they a r e  eas i ly  distinguished and 
are separated i n  t h i s  paper. 
32. Mneral  J: Mineral J occurs a s  oriented laminae within p y r i t e  
and along t h e  py r i t e - t ro i l i t e  interface i n  one Trenton specimn described 
above (Fig. 20). It is black, i so t ropic ,  and appears s o f t e r  than pyri te .  
Its maximum width is 7 microns. 
and no S. 
f o r  either m g n e t i t e  o r  lirronite. 
Analysis indicated t h e  presence of Fe only, 
The i ron  content was the Sam a s  f o r  pyr i te ,  which is too low 
33. Mineral K: Mneral  K is  i so t rop ic ,  s l i g h t l y  harder than 
pent landi te  (AE), and white or  pale yellow bronze. 
t he  presence of Fe, N i ,  Co, and S,  and it nay be a cobaltian pentlandite.  
Mineral K occurs sparsely near core per ipheries  associated with other  nrinor 
Analyses indicated 
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phases such a s  ferroan alabandite and na t ive  copper i n  t h e  Toluca and 
Cosby's Creek specimens. 
appears a s  a l a t e  veining a l t e r a t i o n  f i l l i n g  and cu t t i ng  e a r l i e r  pentlandite 
veins (Fig. 32). 
I n  t h e  Cosby's Creek specimn mineralG a l s o  
34. Mineral L: Mineral L is a c o m n  a l t e r a t i o n  of t r o i l i t e  i n  t h e  
Toluca specimens, associated w i t h  a l t e r a t ion  pentlandite and mineral M. 
Mineral L a l s o  occurs i n  t h e  Cosby's Creek, b g u r a ,  and Trenton specimens. 
It is yellow brown t o  brawn grey, i so t ropic ,  and darker and harder (-E) 
than pentlandite and t r o i l i t e .  
and S. 
( N i  ,Fe)3S2 (heazlewoodite) - ( N i  ,Fe),S4 (metal-rich heazlwoodite).  
genera l  range corresponds t o  t h e  high tenpera twe phase region (Ni,Fe) 
(Kullerud, 1963), with a range of x values of 
Fe/Ni here  observed were generally 1/6, but varied t o  1/2. 
heazlewoodite (stoichiometric Ni3S2) exists below 55OoC and was not observed 
i n  t h i s  study. 
established quant i ta t ive ly ,  it is t en ta t ive ly  designated a s  high temperature 
"heazlewoodite" . The dark brown Ni-rich "heazlewoodite" is s imt l a r  t o  
Randohr's new mineral E (1963). 
Analyses ind ica te  t h e  presence of Fe, N i ,  
Ten semi-quantitative analyses indicated a conpositional range of 
This 
S 
3- 2 
+O.l6 t o  +0.62. The 
Natural 
Un t i l  t h e  conpositional range of t h i s  phase (or  phases) is  
Mnera l  L occurs i n  veins and f r ac tu res ,  which a r e  5-15p wide and 
contain t r o i l i t e  and pentlandite. 
"heazlewoodite" ; both c o m n l y  replace t r o i l i t e  adjacent t o  Ni-rich r i m  
phases (Figs. 33-36). 
and "heazlewoodite" crosscut each other i n  a conplex mnner,  sorretims 
occurring on d i f f e r e n t  f r ac tu re  sets inplying a t i m e  separation (Figs. 35, 36). 
Pentlandite is closely associated with 
I n  extensively Ni-metasomtized t r o i l i t e ,  pent landi te ,  
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"Heazlewoodite" is generally replaced by pent landi te  (Figs . 33, 34). 
Kullerud (1963) repor t s  t h a t  t he re  is no evidence i n  nature of h i s  
e x p e r i m n t a l  %eazlewoodite" phase region, o r  of h i s  conclusion t h a t  
"heazlewoodite" and t r o i l i t e  r eac t  t o  form pent landi te  a t  61OoC, 1 atm., 
which is stable a t  lower temperatures (a l so  see Bell, England, and 
Kullerud , 1964) . 
by pentlandite i n  these  specimens my be a na tu ra l  occurrence of these  
reactions. 
The apparent replacement of "heazlewoodite" and t r o i l i t e  
35. Mineral M: Mineral Moccurs with Mineral L and pent landi te  
replacing t r o i l i t e  along corrplex f rac ture  s y s t e m  adjacent t o  sch re ibe r s i t e  
i n  some Toluca specimens (Fig. 37) . 
is  copper brown. 
copper- and blue-grey. 
3/1, and a Fe/Ni r a t i o  of 1/6. 
phase and p l o t s  on t h e  Fe-Ni-S diagram i n  t h e  two phase f i e l d  
FeNi3(awurite) - Ni3S2 (heazlewoodite) (Kullerud , 1963) . 
appears t o  replace ndneral L ("heazlewoodite") and perhaps pent landi te  , 
and it my be an unknown phase representing a high tenperature  react ion 
between these  phases. 
It i s  harder (E) than pentlandite and 
It is strongly anisotropic  with polarization co lors  of 
Analysis indicates  a m t a l / S  r a t i o  of higher than 
Such a conposition corresponds t o  no known 
Mineral M 
36. Mineral N: Minerals N and 0 were observed i n  mst specimns,  
e spec ia l ly  Toluca, and a r e  f ine  grained ( 4 5 ~  ) unidentified grey phases. 
They a r e  l i g h t e r  grey than e i t h e r  ferroan alabandite or  ferroan s p h a l e r i t e ,  
and they were distinguished by t h e i r  d i s t i n c t i v e  associations. 
f o r m  f i n e  exsolution blebs i n  ferroan alabandite (Fig. 38). 
grey, i so t rop ic ,  and apparently s o f t  (- B )  . 
Mineral N 
It is l i g h t  
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37. Mineral 0: Mineral 0 is a l i g h t  grey  phase s imi l a r  t o  mineral N. 
It is l i g h t e r  grey and probably so f t e r  than ferroan spha le r i t e  i n  which it 
occurs a s  smll exsolution blebs. 
specimens . 
It was observed only i n  the  Toluca 
38. Mineral P: This phase d i f f e r s  from s imi l a r  appearing pent landi te  
i n  t h a t  it is anisotropic ,  harder (4 E), and s l i g h t l y  darker bronze yellow. 
Mineral P occurs a s  grains  i n  r i m  t ro i l i t e  per ipheries  o r  i n  t r o i l i t e  blebs 
i n  Toluca specimns (Fig. 39). 
contain Fe, C r ,  and S. Compared t o  t ro i l i t e ,  analyses indicated about 
35 wt.% Fe and 36-41wt.% S, which combined with C r  y i e lds  a t en ta t ive  
conposition of FeCrSZ. 
conposit ionally similar daubreel i te ,  FeCr2S4. 
between Fe(kamcite) ,  FeS( t ro i l i t e ) ,  and FeCr2S4(daubreelite); (see 
Randohr , 1964) . 
' h o  grains  were analyzed and found t o  
Mineral P my be a new phase, d i s t i n c t  from 
It my  represent a reac t ion  
39. Mineral Q: This phase occurs i n  t h e  Cosby's Creek specimen a s  
two l a rge  (0.3 mn.) rhorrboidalgrains near t h e  t r o i l i t e  core periphery. 
It is dark grey, hard (G), and exhibi ts  no i n t e r n a l  re f lec t ion .  
ind ica tes  t h e  presence of C r  with very ndnor e. 
elements were detected. 
i n  pent landi t ized t r o i l i t e ,  and secondary m g n e t i t e  and l i m n i t e  f i l l  t he  
mineral Q- t ro i l i t e  in te r face .  The nagnetite appears t o  replace mineral Q 
along i ts  edge and m g n e t i t e  veinlets  c u t  t h e  s n a l l e r  gra in ,  perhaps a s  
p r i m r y  m g n e t i t e  (Fig. 40). 
Analysis 
No Fe, S i ,  o r  S ,  o r  o ther  
MineralQ m y  be a mgnesian chromite. It occurs 
4 
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40. N n e r a l  R: This phase is dark grey, hard (G), and possesses 
p r i s m t i c  cleavage and a s l i g h t  brownish i n t e r n a l  re f lec t ion .  
ind ica tes  t h e  presence of Ca, Fe, and S i .  
Ca-bearing pyroxene. 
of t h e  Trenton cores,  occurring i n  fragmnted intergrowths with anor th i te  
and hypersthene. 
Analysis 
This phase is probably a 
It was observed i n  t h e  s i l i ca te - i ron  oxide portion 
SUPERIPPOSED SECONDARY TEXTURES 
Deformtion Textures: Several  types of secondary tex tures  were 
observed i n  a l l  specimens studied. Tko pr inc ipa l  types were mechanical 
deformt ion  and t h e r m 1  recrys ta l l iza t ion .  
includes simple o r  corrplex shearing (Fig. 22), brecciat ion (Figs. 4, S), 
complex %queezedT1 zones (Fig. 41), and late f rac tur ing  (Fig. 19). 
a l t e r a t i o n  is indicated by recrys ta l l iza t ion  (Fig . 12). 
b c h a n i c a l  deformation 
Thermal 
The Hex River specimen is  t h e  l e a s t  deformed, exhibi t ing only possible  
t h e r m 1  rec rys t a l l i za t ion  and l a t e  f ractur ing.  
intergruwth of t ro i l i t e ,  mnganiferous daubreel i te ,  and mineral F, with 
segregations of kamcite i n  the  core center  (Fig. 2). This core intergrawth 
m y  have been homgenieed and recrys ta l l ized  from a previous core, o r  it m y  
be a unique p r i m r y  assenfilage. 
The core is a f ine  grained 
The b g u r a  spec imns  exhib i t  the mst extensive deformtion.  Shearing 
and pressure twinning is c o m n  (Fig. 42), but t he  whole core is  e s s e n t i a l l y  
a t r o i l i t e  breccia with schre ibers i te  r i m  f r agmnts  included i n  t h e  core and 
core t r o i l i t e  "squeezedT1 i n t o  and beyond t he  sch re ibe r s i t e  r i m .  
t h e  corrplex breccia ,  pent landi te  a l t e r a t ion  of t r o i l i t e  has  occurred (Fig. 41). 
Throughout 
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The Trenton specimns are a l s o  r e l a t ive ly  deformed. The smaller 
nodules exh ib i t  pressure twinning and extensive shear zones, which contain 
a l t e r a t i o n  pentlandite. The pie-shaped wedges of s i l i c a t e  fragments i n  an 
i ron  a i d e  matrix occur i n  the  two l a rge r  nodules (Fig. 2 9 ) .  
m y  be primary silicate-sulfide-oxide assenblages, o r  t h e  angular s i l icate  
f r a g m n t s  m y  have been mchanically included and enclosed i n  a later i r o n  
oxide matrix. 
t r o i l i t e  (Fig. E?), but they are not extensive. 
mineral R-troilite-rragnetite appears t o  be conpatible with primary 
m t e o r i t i c  ndneralogy . 
The wedges 
Minor shearing and brecciation zones occur i n  adjacent 
The a s s e h l a g e  anorthite- 
The Canyon Diablo specimen exhib i t s  sone shearing and pressure 
twinning zones. 
j o i n t  system, along which a l t e r a t ion  pentlandite occurs (Fig, 14). 
Toluca specimns shaw extensive but  small sca l e  f rac tur ing  and shearing. 
The rimtroilite c o m n l y  exh ib i t s  shear and f r a c t u r e  sets, along which 
a l t e r a t i o n  pentlandite and other  Fe-Ni-S phases occur (Figs. 11, 22, 37). 
The Cosby's Creek specimen exh ib i t s  a conplat f r ac tu re  o r  
The 
Weathering Textures: A l l  specimens show t h e  effects of terres+al 
Second magnetite and limonite i n  mst specimens oxidation (weathering ) . 
fill m j o r  r i m  boundaries and cu t  a l l  primary phases (Fig. 19). 
specimens exhib i t  extensive oxidation zones where the  mre suscept ible  
phases such as kamcite a re  replaced by secondary m g n e t i t e  and limonite 
(Fig. 10). 
Some 
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TENTATIVE INTERPRETATIONS AND CONCLUSIONS CONCERNING SOFE 
TEXTURAL, STRUCTURAL, AND GENETIC PROBES 
Nodule R i m  and Core Structure.  
The rim-core s t ruc tu re  and sequent ia l  phase occurrence (Fig. 1) 
suggest t h a t  these  nodules were formd i n  similar environmnts by s iml la r  
genet ic  processes. The nodule r imcore  s t ruc tu re  m y  have resul ted from 
elemental diffusion and imniscible l iquid segregation as  postulated below. 
The generally "dropl ike"  nodule probably segregated a s  an inmdscible 
Fe-Ni-S-GP l iqu id  (containing addi t ional  minor e l e m n t s )  from the  
e s sen t i a l ly  uniform l iqu id  Fe-Ni phase (kamacite). An analogous segregation 
occurs i n  t h e  Fe-Ni-S system a t  high temperatures (Ku l l e rud ,  1962). 
r i m  phases c rys ta l l ized  first as  suggested by t h e i r  tendency f o r  ex terna l  
euhedral form (Fig. 3). 
The 
The outer  r i m  graphite o r  c l i f toni te  (perhaps a s  diamond) c rys ta l l ized  
f irst ,  a s  suggested by t h e  per fec t  euhedral form against  adjacent phases 
(see t en ta t ive  paragenetic sequence, Fig. 1) . Schreibers i te  , cohenite, and 
80m graphi te  c rys ta l l ized  a s  t h e  remaining outer  r i m ,  growing i n t o  the  
l i qu id  kamcite as suggested by t h e i r  ex terna l  subhedral form. The 
kamcite generally c rys ta l l ized  subsequent t o  the  G and Pbea r ing  outer  
r i m ,  leaving the  lower tenperature su l f ides  t o  form the  inner r i m  and core. 
The ferroan sphaler i te  and r i m t r o i l i t e  c rys ta l l ized  before the  core  
phases, a s  suggested by the inner r i m  surfaces being "f i l led" with core 
phases (Figs. 9 ,  11, 19). 
a f te r  the  inner  r i m  c rys ta l l ized .  The core t r o i l i t e ,  with other  core phases, 
Minerals H and I formed on the  core periphery 
probably formed last, as suggested by its la rge  grain s i z e ,  r e l a t i v e  
homogeneity, and its "f i l l ing"  of inner r i m  i r r egu la r i t i e s .  
. 
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Exsolution of Minor Phases Containing Minor Elemnts .  
Minor phases containing minor metall ic elements (Co, C r ,  Cu, Fk, and 
some N i  and C )  OCCUT e i t h e r  a s  sol id  s t a t e  exsolution laminae along t r o i l i t e  
cleavage planes o r  a s  gra ins  a t  t he  core o r  r i m t r o i l i t e  peripheries 
( C r ,  I%, N i ,  Zn: Fig. 21; Co, Cu: Fig. 13). 
of phases containing &nor elements a l s o  occur i n  the  s i l i ca t e -  and 
chlorapatfte-enclosed t r o i l i t e  blebs (Fig. 18) . 
Similar per ipheral  occurrences 
A spec ia l  case of exsolution i s  t h a t  of t he  Toluca cores which exh ib i t  
extensive graphic intergrowths of t r o i l i t e  and graphi te  (Figs. 8 ,  9). 
graphi te  has  apparently exsolved along t r o i l i t e  cleavage planes, which 
implies an o r ig ina l  Fe-C-S core phase of up t o  50 volume % carbon. 
The 
Silicate-Sulfide Intergrowths. 
I n  som Toluca specimens, intergrowths of hypersthene-anorthite-olivine- 
troilite-graphite-magnetite-chlorapatite occur i n  " t ro i l i t e "  cores (Fig . 26) . 
T r o i l i t e  f o r m  abundant exsolution blebs within or along grain boundaries of 
the  s i l i c a t e  phases and myrmekitic intergrowths with hypersthene (Figs . 15, 16) . 
Chlorapatite-nagnetite is usually associated with anor th i te  o r  occurs as  a 
vein cu t t ing  t h e  assenblages. P r imry  m g n e t i t e  is  a l s o  f ine ly  intergrown 
with hypersthene . 
The expe r imnta l  s i l i ca te -su l f ide  reactions studied by Kullerud and 
Yoder (1963) m y  offer i n  p a r t  a ten ta t ive  explanation of these observed 
assenblages, i n  t h a t  s imi la r  assenblages can be produced by a react ion of 
s u l f u r  (and perhaps high s u l f i d e  phases) and high O/Si s i l i c a t e s  
(e.g . , olivine) .  The contenporaneous f o r m t i o n  of t h e  observed a s s e d l a g e s  
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is suggested by t h e  observed int imate  silicate-sulfide-oxide intergrowths 
noted above. 
incorrplete. 
a s  h, Co, Ni, and Cu form accessory oxides o r  su l f ides .  
C r  and Zn would account f o r  t he  observed minor su l f ides .  
these  assenblages is probably related t o  the  graphi te  t h a t  is ubiquitous i n  
t h e  Toluca nodules. 
The minor occurrence of o l iv ine  suggests such a react ion was 
Kullerud and Yoder point ou t  t h a t  minor metal l ic  e l e m n t s  such 
The addition of 
The graphi te  i n  
The silicate-sulfide-oxide assemblages may represent p r i m r y  
c r y s t a l l i z a t i o n  of these  phases, o r  it m y  represent t h e  mechanical addition 
of o r i g i n a l  s i l i c a t e s  t o  t h e  s u l f i d e  nodule. 
Two r e l a t i v e l y  undeformed Trenton t r o i l i t e  cores contain wedges of 
The or ig in  of these  wedges s i l i c a t e  fragments i n  an i ron  oxide matrix. 
is not understood, but t h e i r  ndneralogies a r e  e s s e n t i a l l y  t h e  Sam as  the  
si l icate-sulfide-oxide assenblages discussed above. 
Deformation Textures. 
h r i n g e r  and Manning (1962) describe mny types of deformtion i n  i ron  
meteorites,  enphasizing shearing, t h e r m 1  rec rys t a l l i za t ion ,  and granulation 
t e x t u r e s  i n  extra-nodular kamcite and taeni te .  The nodule deformtion 
t e x t u r e s  observed i n  t h i s  study were not  corrpared t o  such extra-nodular 
deformt ion ,  but such a study should prove i n f o r m t i v e ,  a s  deformtion 
effects a r e  espec ia l ly  evident i n  su l f ide  nodules. The observed deformations 
m y  be re la ted  a t  least  i n  p a r t  t o  ex t ra - te r resc ia l  phenomena, which &ringer 
and &inning suggest f o r  mst i ron  meteorites. 
d i f fus ion  of N i  (see below) and t h e  r ec rys t a l l i za t ion  and granulation zones 
inp ly  a p a r t i a l  reheating. The other deformtion t ex tu res  m y  a l s o  reflect 
pre-terres{ial events. 
The postulated thermal 
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Fe-Ni-S Alteration of T r o i l i t e  and Nickel btasomatism. 
The quant i ta t ive  conpositions, mineralogy, and genesis of pentlandite 
and o ther  Fe-Ni-S a l t e r a t i o n  phases is  t h e  subjec t  of a subsequent paper 
i n  preparation. 
Rarrdohr (1963), Kullerud (1963), and &son (1962) consider prirmry 
pentlandite a c o m n  phase i n  Ni-rich m t e o r i t e s .  
pentlandite is a minor phase i n  a l l  specimens s tudies  except Hex River 
and Canyon Diablo. 
pentlandite formed during weathering . 
Exsolved primary 
Kullerud and Randohr a l s o  refer t o  a secondary 
The d i s t r ibu t ion  of a l t e r a t i o n  pentlandite was found i n  t h i s  study 
t o  be c lose ly  re la ted  t o  t h e  nearby presence of prirrmry Ni-bearing phases 
(e.g., schre ibers i te ) .  
secondary magnetite and l imnite were analyzed i n  place and showed 
e s s e n t i a l l y  constant N i  values, suggesting t h a t  N i  was fixed i n  t h e  i ron  
oxides and not  subjec t  t o  weathering t ranspor t ,  
pent landi te  a l t e r a t i o n  bears no re la t ion  t o  the  s i z e  and ex ten t  of oxide 
veins (Figs 12,22,40,43,44). 
i n  t h e  i r o n  oxide phases lead t o  t h e  conclusion t h a t  pentlandite and 
associated Fe-Ni-S a l t e r a t i o n  phases a r e  not  products of t e r r e s t . a l  oxidation 
and weathering. 
Replacemnts of kamcite and sch re ibe r s i t e  by 
In general ,  t h e  ex ten t  of 
The general t ex tures  and t h e  f ixa t ion  of N i  
The p r inc ipa l  a l t e rna t ive  t o  a weathering or ig in  f o r  t h e  Fe-Ni-S 
a l t e r a t i o n  phases is through a Ni-diffusion mechanism. 
( a l t e r a t i o n  pent landi te ;  mineral L, "heazlewoodite" ; and mineral M) always 
occur along some zone of deformation o r  weakness. 
These phases 
The abundance of these  
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phases decreases inward f r o m t h e  r i m  (Fig. 23), suggesting a N i  source 
outside t h e  core. 
shear ,  f rac ture ,  o r  cleavage planes, and a r e  c lose ly  associated with 
adjacent s ch re ibe r s i t e  (Fig. 37), k a m c i t e ,  and t h e  n icke l  minerals H and I 
(Fig. 33),  ind ica t ing  a N i  source i n  t h e  d i rec t ion  of these  Ni-bearing 
phases. 
adjacent t o  sch re ibe r s i t e  and v i r tua l ly  absent adjacent t o  Ni-free 
cohenite (Fig. 24). 
a l t e r a t i o n  t r a n s i t i o n  of troilite-pentlandite-mineral L (llheazlewooditell )- 
mineral G ("yellow schreibers i te"  k s c h r e i b e r s i t e  (Fig. 31), which strongly 
suggests a metasorratism of N i  across an o r i g i n a l  core t ro i l i t e - r im  
sch re ibe r s i t e  i n t e r f ace ,  during a period of reheating . 
In  t h e  Toluca r imtro i l i t e  t h e  Fe-Ni-S phases occur on 
Excellent examples a r e  sham by extensive Fe-Ni-S a l t e r a t i o n  
The extensively a l t e r ed  b g u r a  specimens exh ib i t  an 
I n  general ,  t h e  observed textures  support t he  theory of Nirretasomatism. 
The most cons is ten t  observation is the  close associat ion of t h e  t r o i l i t e  
Fe-Ni-S a l t e r a t i o n  phases with nearby Ni-bearing phases. 
concluded t h a t  t hese  a l t e r a t i o n  phases, pent landi te ,  mineral L 
("heazlewoodite1'), and mineral M, were formed by Ni-mtasomatism through 
thermal diffusion of N i  from adjacent Ni-bearing r i m  phases i n t o  Ni-free 
reac t ive  t r o i l i t e .  
It is  t en ta t ive ly  
The c lose  association between these phases and thermal 
and mchanica l  deformation zones suggests t h a t  an extra-terres*al period 
of thermal reheating and/or mchanical deformt ion  occurred i n  a l l  but t h e  
Hex River and Canyon Diablo specimns. 
. 
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TABLE I. L i s t  of Observed Phases 
1. 
2. 
3. 
4. 
5. 
5a . 
6. 
7. 
80 
9. 
10. 
11 . 
12 . 
13  
14. 
15. 
16 . 
17 . 
18 . 
19. 
20 . 
21. 
22 . 
23. 
24. 
25. 
26. 
27. 
28. 
29 
30 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39 . 
40. 
Phases 
Kamcite,  O( -Iron 
Taenite, d-Iron 
Schreibers i te  
Coh e n i  t e  
Graphite 
C l i f ton i t e  
T r o i l i t e  
Pyr i te  
Pentlandite 
Daubreelite 
hnganiferous daubreel i te  
Ferroan spha le r i t e  
Ferroan alabandite 
Native copper 
Hypersthene 
Olivine 
Anorthite 
Ureyite 
Chromite 
Chlorapati te 
I l m n i t e  
k g n e t i t e  
Limonite 
2 )  
Previous 
1) Description 
m t e o r i t e  
Occurrence 
I d  e n t i  fied Phases 
A l l  
A l l  
A l l  
A l l  
CC ,CD ,M,To ,Tr 
CC ,To 
A l l  
Tr 
CC , M,To ,Tr 
A l l  
To 
CD ,HR ,M,To ,Tr  
CC ,To ,Tr 
To ,Tr 
To 
To ,Tr  
HR 
To 
To 
T r  
A l l  
A l l  
cc ,cD ,HR 
M; P; R 1  
M; P; R 1  
M; P; R 1  
M; P; R 1  
F; M,K 
M; P; R 1  
M 
M; R 1  
M; P; Rl. 
M; P; R l  
K,F 
w ;  R l ?  
K,F; M; Rl; R2 
K,F; M; P; Rl 
M,K; M 
M,K; M; P; Rl. 
M,K; M; P 
M; P; R 1  
M,K; M 
M; R1 
M; P; R l  
P; R 1  
F ,K 
Tentatively Identified o r  Unidentified Phases 
Mineral A (chalcopyrite?) 
Mineral B ( r u t i l e ? )  
Mineral c (ferroan t revor i te?  ) 
Mineral D (cubanite? ) 
Wnera l  E (borni te?)  
Mineral F 
Mineral G 
Mineral H 
Mineral I 
Mineral J 
Mineral K 
Mineral L ("heazlewoodite") 
Mineral M 
Mineral N 
Mineral 0 
Mineral P 
Mineral Q 
Mineral R (Ca-pyroxene? ) 
To 
CC ,To 
To 
To 
To 
CD ,HR ,M,To ,Tr  
M,To 
To 
To 
T r  
CC ,To 
CC ,M,To ,Tr  
To 
CD ,HR ,M,To ,Tr 
To 
To 
cc 
T r  
')CC (Cosby's Creek); CD (Canyon Diablo); HR (Hex River); M (Magura); 
2)F (Frondel, 1965); F,K (Frondel and Klein, 1965); K,F ( K e i l  and Fredrikson, 
To (Toluca); T r  (Trenton). 
1963); M,K ( h r v i n  and Klein, 1964); M (Mason, 1962); P (Perry, 1944); 
R 1  (Randohr, 1963); R2 (Randohr, 1964). 
TABLE 11. Observed Conpatible and Inconpatible Mineral 
Phase Assehlages and Observed Comonents 
I.  Compatible Asserrblages 
A. Assenhlaczes with t r o i l i t e :  
1. 
2.  
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10 . 
11 . 
12 . 
1 3  . 
14  . 
1 5  . 
16 . 
17 . 
18 . 
19 . 
20. 
2 1  . 
22 . 
23. 
24 . 
25. 
26 . 
27 . 
Cl i f ton i t e  - cohenite - graphite - kamcite 
C l i f ton i t e  - cohenite - graphite - k a m c i t e  
Cohenite ' -  graphi te  - kamacite 
Cohenite - graphi te  - kamcite 
Cohenite - graphi te  - k a m c i t e  
Cohenite - k a m c i t e  - schre ibers i te  - t aen i t e  
Cohenite - k a m c i t e  - ndneral F - t a e n i t e  
Cohenite - kamcite - schre ibers i te  
Cohenite - kamcite - mineral F 
C l i f t o n i t e  - cohenite - ferroan spha le r i t e  
- sch re ibe r s i t e  - t a e n i t e  
- mineral F - t a e n i t e  
- sch re ibe r s i t e  - t a e n i t e  
- mineral F - t a e n i t e  
- r u t i l e  - sch re ibe r s i t e  
- graphite - mineral H - ndneral I - sch re ibe r s i t e  
- hypersthene - magnetite - pentlandite - rut i le  
- m g n e t i t e  - mineral R - pent landi te  
Anorthite - chlorapa t i te  - chromite - ol iv ine  
Anorthite - o l iv ine  - hypersthene - i lmeni te  
Daubreelite - k a m c i t e  - mineral F 
Daubreelite - magnetite - mineral Q - nat ive  copper 
Daubreelite - ferroan alabandite 
- nat ive  copper - pentlandite 
Daubreelite - ferroan alabandite 
Daub reelite 
Mineral A - mineral D - mineral E 
Mineral K 
b n g a n i  f erous daubreelite 
Ferroan alabandi te  - mineral 0 
Mineral P 
Mineral J - p y r i t e  
Mineral L - mineral M - pent landi te  
Mineral L - pentlandite 
Pent landi te  
Mineral G - mineralL - pent landi te  
- nat ive  copper 
- sch re ibe r s i t e  
X 
X 
X X 
X X 
X 
x x x x  
x x x x  
X 
X 
X 
X 
X 
X 
X 
X 
x x x  x x  
x x x x x x  
X 
X X 
x x x  
X 
X 
X 
X 
X x x x  
x x  x x x  
X 
TABLE 11. continued 
4 1  
B. Assenblages without t r o i l i t e :  
1. 
2. Limonite - m g n e t i t e  
3. 
4. Karmcite - ureyi te  
L i m n i t e  - mgne t i t e  - mineral C 
Ferroan sphaler i te  - rrrineral N 
X 
X 
x x x x x x  
X 
11. Incorrpatible Asse&lages 
1. bnganiferous daubreel i te  / daubreel i te  x x  
2. Ferroan alabandite / mnganiferous daubreel i te  x x  
3. Chromite / daubreel i te  X 
4. Chromite / mineral P X 
5. Daubreelite / mineral P X 
111. Observed Elemental Conponents 
A .  Major components: 
1. Carbon 
2.  Iron 
3. Nickel 
4. Oxygen 
5. Phosphorus 
6. Sulfur 
R. Minor coqonents :  
1. 
2 .  
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
10. 
11. 
12. 
13. 
Aluminum 
Calcium 
Chlorine 
Chromium 
Cobalt 
Copper 
Hydrogen 
bgnesium 
hnganese 
Si l icon 
Sodium (? )  
T i t  an i  urn 
Zinc 
x x x x x x  
x x x x x x  
x x x x x x  
x x x x x x  
x x x x x x  
x x x x x x  
x x  
x x x  
X 
x x x  x x  
X X 
X x x  
x x x x x x  
X x x  
x x x  x 
x x x  
X 
X x x  
X 
D . 
m 
m 
P 
m 
. 
m 
8 
D 
r- . 
m 
c . 
In 
. 
m 
8 
J3 . 
e 
m 
8 
D . 
m 
8 
m 
. 
D . 
N . 
m 
0 
r i p  
m 
m m 
ua 
-3 
m 
c3 
* b 
In 
"b. * 
9 
9 m 
N 
. 
0 
m rl N a 
a C 
m m . 
m P. 
03 0 m a 
N C 
m 
In 
m 
I 
d r l  m r l  
0 
d 
P 
m 
m 
d 
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m 
m m  d 
m m m  
. 
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. 
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h o s t  8 
o u t e r  r i m  
g r a ( - c l i f )  - g r a p h i t e  ( -c l i f toni te )  b 
sch - schreibersite - 
i n n e r  
r i m  
I a t e  
a I te  ra t  ion 
c 
- kamacite ?- kam 
t r  - t r o i l i t e  
fSP - f e r r o a n  s p h a l e r i t e  
HvI - m i n e r a l s  H , I  
d8u - d a u b r e g l i t e  
si1 + r u l f  - pyroxene ,  a n o r t h i t e ,  t ro i l i te  
chla + m g  - c h l o r a p a t i t e  & m a g n e t i t e  
pn + h r  - p e n t l a n d i t e  b hmar lewoodi te  
TEXTURES,  r n d  
OF P H A S E S  
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Figure 2. Hex River (36. SX). Kamcite (kam), mnganiferous daubreel i te  
Figure 3. Toluca (22.5X). Cohenite (coh), k a m c i t e  (karn), sch re ibe r s i t e  
Figure 4. Toluca (22.5X). Kamcite (karn), magnetite (rrg), echre ibers i te  
Figure 5 .  Toluca (200X). 
Center of Fig. 4. 
Figure 6. Toluca (36.5X). Anorthite (an), c l i f t o n i t e  ( c l i f ) ,  cohenite 
(Rdau), ndneral F (F), t r o i l i t e  (tr). 
(sch), t r o i l i t e  (tr). 
(sch), t r o i l i t e  (tr). 
Phgnetite (rig), schre ibers i te  (sch), t r o i l i t e  (tr). 
(coh), graphite (gra), schre ibers i te  (sch), t r o i l i t e  (tr) . 
Toluca (20OX, crossed nichols)  . 
hypersthene (hyp). 
alabandite ( f a l ) ,  graphi te  (gra),  pent landi te  (pn) , t r o i l i t e  (tr) 
Figure 7. 
Figure 8 . Toluca (20OX, crossed nichols). Daubreelite (dau), ferroan 
Figure 9. Toluca (22. SX). Graphic t ro i l i t e -g raph i t e  i n t e r g r m t h  ( g r t r )  , 
Anorthite (an), graphi te  (gra ) , 
t r o i l i t e  (tr). 
t 
. 
L 
F i g . 2  I *  
I F i g . 4  
kam -clif 
F i g .  6 
F i g .  8 
F ig .  3 
Fig. 5 
Fig.  7 
F i g . 9  
Figure 10. 
Figure 11. 
Figure 12. 
Figure 13. 
Figure 14. 
Figure 15. 
Figure 16. 
Figure 17. 
Toluca (22.5X, crossed nichols). 
ferroan spha le r i t e  (fsl) , graphic t ro i l i t e -graphi te  
intergrowth ( g r t r )  , kamcite (karn), limonite ( l i m )  , 
magnetite (ng) , pentlandite (pn), t r o i U t e  (tr) . 
Toluca (lOOX, crossed nichols). Similar t o  Fig. 10. 
C l i f ton i t e  ( c l i f ) ,  ferroan spha le r i t e  (fsl) , graphic 
t ro i l i t e -g ra  h i t e  intergrowth ( g r t r )  , pentlandite (pn), 
t r o i l i t e  (tr P . 
Trenton (lOaX, crossed n ichols )  . 
oxide intergrowth ( le f t  1/4), mgnetite-limonite f i l l e d  
f rac tures  ( n g - l i m ) ,  pentlandite (pn), t r o i l i t e  (tr). 
Cosby's Creek ( 1 O O X ) .  
nat ive copper (Cu), pent landi te  (pn), t r o i l l t e  (tr). 
Cosby 's Creek (low, crossed nichols). 
pentlandite (pn), t r o i l i t e  (tr). 
Toluca ( 1 O O X ) .  
hypersthene (hyp), mineral B (B) , nyrmkitic t r o i l i t e  (ntr), 
schre ibers i te  (sch), t r o i l i t e  (tr). 
(70OX). 
Toluca ( 3 0 0 ~ ) .  
Cl i f ton i t e  (c l i f ) ,  
Fragmnted s i l ica te - i ron  
Limonite ( l i r n ) ,  mineral K (K), 
Daubreelite (dau), 
Anorthite (an), chromite (chr), 
Hypersthene (hyp), n y r m k i t i c  t r o i l i t e  (&r). 
Hypersthene (hyp) , t r o i l i t e  (tr). 
Y 
F i g .  10 
Fig.  1 2  
F i g .  1 4  
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F i g .  1 5  
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Figure 18. 
Figure 19. 
Figure 20.  
Figure 21. 
Figure 22. 
Figure 23. 
Figure 24. 
Figure 25. 
Toluca (300X) . 
ferroan alabandite ( f a l )  , graphi te  (gra) , hypersthene (hyp) , 
mgne t i t e  ( n g ) ,  pent landi te  (pn), t r o i l i t e  (tr). 
Toluca (10UX). 
mgnetite-l imonite (ng-lim) , minerals H-I (H-I), 
pentlandite (pn) , sch re ibe r s i t e  (sch), t r o i l i t e  (tr) . 
Trenton ( lOOX,  crossed nichols).  
t r o i l i t e  (tr) . 
Chlorapati te (chla)  , daubreel i te  (dau), 
Graphic t ro i l i t e -graphi te  ( g r t r )  , 
Mineral J (J), py r i t e  (py), 
Toluca (20OX, crossed nichols).  
alabandite ( f a l ) ,  
schre ibers i te  (sch 5 , t r o i l i t e  (tr). 
Toluca ( l o a ) .  
(ng), pent landi te  (pn), t ro i l i t e  ‘ i f  t r  . 
hgura  (ZOOX , crossed nichols).  
schre ibers i te  (sch), t r o i l i t e  (tr). 
Toluca (1OOX).  
schre ibers i te  (sch),  t r o i l i t e  (tr). 
Daubreelite (dau), ferroan 
raphi te  (gra) , pent landi te  (pn), 
Graphic t r o i l i t e -  r a  h i t e  ( g r t r ) ,  m g n e t i t e  
Pentlandite (pn) , 
Cohenite (coh), pent landi te  (pn), 
(70OX). 
native copper (Cu), t r o i l i t e  (tr). 
Mineral A (A),  ndneral D (D),  mineral E (E), 
F i g .  2 0  
F i g .  22  
F i g . 1 9  
I 
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. 
Figure 26. 
Figure 27. 
Figure 28. 
Figure 29. 
Figure 30. 
Figure 31. 
Figure 32. 
Figure 33. 
Toluca (22.50. Anorthite (an), graphi te  (gra),  
hypersthene (hyp) , t r o i l i t e  (tr) . 
Toluca (36.5X) . 
f ng-lim) , t r o i l i t e  (tr) . 
Anorthite (an) , chlorapa t i te  (chla ) , 
raphi te  (gra), hypersthene (hyp), mgnetite-l imonite 
Toluca (300X). 
m g n e t i t e  (ng),  ndneral B (B), t r o i l i t e  (tr). 
Anorthite (an), hypersthene (hyp) , 
Trenton ( l o a ,  crossed nichols). 
i l m n g t e  (il), m g n e t i t e  ( n g ) ,  s i l i c a t e  fragmnts- 
i ron oxide intergrowth (sil-ax) . 
Toluca ( l o a ) .  hgne t i t e - l imon i t e  (ng-lim), mgnetite- 
rrdneral c (ng-c). 
Hypersthene (hyp), 
b g u r a  (20OX). 
schre ibers i te  (sch), t r o i l i t e  (tr). 
Cosby's Creek (20OX). 
t r o i l i t e  (tr). 
Toluca (loox) . 
mineral H (H), ndneral L (L), pent landi te  (pn), 
t r o i u t e  (tr). 
Mineral G (G) ,  pen t landi te  (pn), 
Mnera l  K (K),  pentlandite (pn), 
Graphic t ro i l i t e -g raph i t e  ( g r t r ) ,  
c t 
' 
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Figure 34. Toluca (70OX). 
Center of Figure 33. 
t ro i l i t e  (tr) . b g n e t i t e  ( n e ; ) ,  ndneral L (L), pent landi te  (pn), 
Figure 35. Toluca ( l O a X ) .  Cohenite (coh), graphic t ro i l i t e -g raph i t e  
intergrowth ( g r t r ) ,  ndneral H (N), ndneral L (L), 
pentlandite (pn), s ch re ibe r s i t e  (sch), t r o i l i t e  (tr). 
Figure 36. Toluca (lOOX, crossed nichola). 
nichols crossed . Sam a s  Figure 35, with 
Figure 37, 
Figure 38. Toluca (30OX). Cl i f ton i t e  (c l i f ) ,  ferroan alabandite ( f a l ) ,  
Toluca (20OX, crossed nichola). 
pentlandite (pn), s ch re ibe r s i t e  (sch), t r o i l i t e  (tr). 
graphite (gra),  mineral N (N), troil i te (tr). 
Toluca (300~) .  
ndneral P (P), t r o i l i t e  (tr), 
pentlandite (pn), t r o i l i t e  (tr). 
pentlandite (pn), s ch re ibe r s i t e  
Mineral L (L), ndneral M (M), 
Figure 39 . 
Figure 40. Cosby's Creek (1OOX). h g n e t i t e  (ng), mineral R (R), 
Figure 41. hgura (22.5X, crossed niehols). h g n e t i t e - l i m n i t e  (ng-lim) , 
Graphite (gra)  , hypersthene (hyp) , 
(sch), t r o i l i t e  (tr). 
* c 
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Fig.  41 
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Figure 42 . hgura ( l O O X  , crossed nichols ). bgnet i t e - l imni te  
Figure 43. Toluca (36.5X crossed nichola ) . Limonite ( l i m )  , 
( n g - l i m )  , pentlandite (pn) , t r o i l i t e  (tr) . 
magnetite (ng 5,  pentlandite (pn), schreibersite (sch) , 
t r o i l i t e  (tr). 
Figure 44. Cosby's Cmek (20OX). Limonite ( l i m ) ,  mgnetite  (ng), 
pentlandite (pn), troilite (tr). 
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